Harris RB, Kelso EW, Flatt WP, Grill HJ, Bartness TJ. Testosterone replacement does not normalize carcass composition in chronically decerebrate male rats. Am J Physiol Regul Integr Comp Physiol 296: R1687-R1694, 2009. First published April 15, 2009 doi:10.1152/ajpregu.00019.2009.-Chronically decerebrate (CD) rats, in which the forebrain and its descending projections are completely neurally isolated from hindbrain and rostral projections, gain substantial amounts of body fat, lose lean tissue, and have low circulating testosterone concentrations. We tested whether testosterone replacement would normalize body composition of male CD rats. Five groups of rats were used: CD placebo, CD testosterone, control placebo, castrate placebo, and castrate testosterone. Testosterone replacement was initiated at the first stage of CD surgery in both CDs and castrate controls. The second stage of CD surgery occurred 8 days later, and the study ended 15 days later. Testosterone implants produced 10-fold normal circulating concentrations. Food intake was fixed for all rats by tube feeding. CD rats had substantially more body fat and less lean tissue than neurally intact rats. Testosterone replacement did not affect adiposity of CD rats but did increase carcass water content. Energy expenditure of CD rats was significantly lower than that of control placebo and castrated rats. Testosterone lowered respiratory equivalency ratio and ameliorated a fall in energy expenditure late in the intermeal interval in CD rats. Castration increased, and testosterone decreased luteinizing hormone (LH) and follicle stimulating hormone (FSH) in neurally intact controls. LH was undetectable, and FSH was equivalent to neurally intact controls in CD rats, and neither was affected by testosterone. Collectively, low testosterone did not explain obesity or decreased lean body mass of CD rats, although CD rats exhibited abnormal levels of circulating reproductive hormones and disrupted testosterone negative feedback. caudal brainstem; white adipose tissue; energy expenditure; body composition THE CENTRAL CONTROL OF PERIPHERAL metabolism, especially adipocyte metabolism, is far from being completely understood. It has been clear for quite some time that there are numerous brain circuits and neurochemicals involved in the control of energy balance and that they interact with autonomic outflow circuits, as well as with autonomic and spinal afferent circuits (for reviews, see Refs. 2 and 23). One of the complexities of these circuits is the apparent redundancies in their function. For example, some mechanisms of energy balance that have historically been attributed to hypothalamic neural processing seem to be duplicated or are at least partially complete in more caudal areas of the neuroaxis, such as the hindbrain (for a review, see Ref. 16). Specifically, using the chronic decerebrate (CD) model, where the forebrain is neurally isolated from the caudal brainstem and peripheral nervous system by completely transecting the brain at the mesodiencephalic junction, we find fairly normal metabolic responses to several conditions in which energy balance is challenged. For example, food deprived male CD rats have 1) normal reductions in energy expenditure, 2) normal decreases in respiratory equivalency ratio (RER, a.k.a., respiratory quotient), indicating oxidation of lipid fuels, 3) normal defense of body temperature, 4) normal increases in fat mobilization, 5) normal decreases in serum leptin and insulin, and 6) normal regulation of plasma glucose concentrations (20). Cold-exposed male CD rats maintain body temperatures and increase their heart rate and sympathetic drive to brown adipose tissue (BAT) similar those of controls (34). In addition, the increase in BAT thermogenesis [i.e., increased uncoupling protein-1 gene expression (47) and BAT temperature (42)] by central melanocortin receptor agonism in male CD rats is normal. Collectively, these are examples of relatively normal physiological responses to a variety of conditions in CD rats and suggest an important role for the caudal brainstem in regulating energy balance, independent of hypothalamic input.
THE CENTRAL CONTROL OF PERIPHERAL metabolism, especially adipocyte metabolism, is far from being completely understood. It has been clear for quite some time that there are numerous brain circuits and neurochemicals involved in the control of energy balance and that they interact with autonomic outflow circuits, as well as with autonomic and spinal afferent circuits (for reviews, see Refs. 2 and 23). One of the complexities of these circuits is the apparent redundancies in their function. For example, some mechanisms of energy balance that have historically been attributed to hypothalamic neural processing seem to be duplicated or are at least partially complete in more caudal areas of the neuroaxis, such as the hindbrain (for a review, see Ref. 16 ). Specifically, using the chronic decerebrate (CD) model, where the forebrain is neurally isolated from the caudal brainstem and peripheral nervous system by completely transecting the brain at the mesodiencephalic junction, we find fairly normal metabolic responses to several conditions in which energy balance is challenged. For example, food deprived male CD rats have 1) normal reductions in energy expenditure, 2) normal decreases in respiratory equivalency ratio (RER, a.k.a., respiratory quotient), indicating oxidation of lipid fuels, 3) normal defense of body temperature, 4) normal increases in fat mobilization, 5) normal decreases in serum leptin and insulin, and 6) normal regulation of plasma glucose concentrations (20) . Cold-exposed male CD rats maintain body temperatures and increase their heart rate and sympathetic drive to brown adipose tissue (BAT) similar those of controls (34) . In addition, the increase in BAT thermogenesis [i.e., increased uncoupling protein-1 gene expression (47) and BAT temperature (42) ] by central melanocortin receptor agonism in male CD rats is normal. Collectively, these are examples of relatively normal physiological responses to a variety of conditions in CD rats and suggest an important role for the caudal brainstem in regulating energy balance, independent of hypothalamic input.
Despite these normal regulatory responses to energy balance challenges, we previously found that the body fat mass of male CD rats almost doubled and lean body mass decreased by 15-20% compared with neurally intact control rats within the course of a 2-wk study (19, 20) . These increases in body fat were associated with a reduction in energy expenditure that was limited to the light period and not due to differences in food intake, because intake of both CD and control rats was clamped by tube feeding (19, 20) . There are, however, several characteristics of male CD rats that could contribute to their obesity and the decrease in lean body mass, including a reduction in voluntary activity and relatively low daily energy expenditure (19, 20) . Changes in the RER also suggest some differences in metabolism between intact and CD rats. In CD rats, RER tends to oscillate between values greater than 1.0 immediately after feeding to less than 0.85 toward the end of the intermeal interval. The high RER is indicative of lipid deposition (32) , whereas the low RER implies increased rates of fatty acid and/or protein oxidation (12) . By contrast, the RER of intact control rats tends to remain around 1.0 (16, 17) , indicating a steady reliance on dietary or stored carbohydrate. One hormonal change that we noted in these male CD rats that also could contribute to the changes in body composition is a decrease in serum testosterone that can be as low as 90% of control values (20) and that is accompanied by a lesser decrease in testes mass (ϳ30%). Thus, forebrain and caudal brainstem communication is in some way involved in the control of circulating testosterone concentrations. This does not appear to be due to a decrease in the availability of the steroid precursor cholesterol more generally because circulating concentrations of corticosterone are the same in CD and neurally intact rats (19) . Given the generally positive relation between circulating androgen concentrations and lean body/ muscle mass (e.g., Ref. 26) , it seems possible that the decerebration-induced disruption of control of testicular androgen production could underlie the reduction in lean body mass, although this relation is not as robust or pervasive as is commonly thought (e.g., Ref. 4).
We, therefore, hypothesized that the loss of testosterone in male CD rats underlies the rapid loss of lean body mass and gain of body fat. We reasoned then that normalizing circulating testosterone should block these changes and reduce/correct the decerebration-induced differences in body composition. This was accomplished by clamping serum testosterone in male CD rats by implanting subcutaneous Silastic capsules filled with testosterone and measuring several energy-and reproductiverelated endpoints. Note that because of the severely reduced serum testosterone concentrations seen previously [as low as ϳ90% of control values (20) ], we did not castrate the CD rats because they were nearly functionally castrated.
METHODS
Animals. Experimental procedures were approved by the Institutional Animal Care and Use Committee of the University of Georgia and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Sixty male SpragueDawley rats (275-300 g; Harlan, IN) were housed in individual cages in a room maintained at 23°C, and ϳ50% humidity with lights on for 12 h each day from 6.00 A.M. All of the rats had free access to rodent chow (LabDiet Rodent Chow 5001; Purina Mills, St. Louis, MO) and water for 1 wk of adaptation. At the end of the week, all of the rats were offered suspendible AIN 76A rodent diet (L1001; Research Diets, New Brunswick, NJ) in dry form, and body weights were measured daily until the end of the study.
Tube-feeding procedure. Thirty of the rats were selected at random, housed in hanging wire-mesh cages, and daily food intakes, corrected for spillage, were recorded for 1 wk. At the end of this week, all of the rats were tube-fed the diet in liquid form (0.56 g/ml) in three meals each day fed at 6.00 A.M., 2.00 P.M., and 10.00 P.M. The volume of tube-fed meals was gradually increased from 7 to 9 ml over 2 days to deliver a total of 59 kcal/day, which represented 85% of the voluntary food intake of ad libitum intake. This level of feeding previously has been shown to produce a similar rate of weight gain in tube-fed as in ad libitum-fed rats (19, 21) . The liquid diet also provided adequate daily water intake for the animals, even though they had ad libitum access to water.
Chronic decerebration surgery and testosterone replacement. After three days of tube feeding, the animals were divided into two body weight-matched groups of 30 rats. One group was subjected to the first stage of surgery for chronic decerebration, as described previously (20) , and 20 of the remaining group were castrated. For castration, rats were anesthetized with isoflurane, and a small incision was made on the lower abdomen. Each testis was removed, taking care not to damage the vas deferens, the deferential artery, or the deferential vein and surrounding muscle, and the muscle and skin incisions were closed with sterile suture. At the same time as the first surgery, a 33-mm Silastic capsule (0.062 in. ID and 0.125 in. OD; Dow Corning, Midland, MI) was implanted subcutaneously in the interscapular region of the neck (5) . For half of the CD rats and half of the castrated rats, the tubing was packed with testosterone, and the capsule contained 30-mm active length of testosterone propionate (4-androsten-17␤-ol-3-17-propionate; Sigma Chemical, St. Louis, MO). The capsules were incubated for 24 h in 0.01 M PBS at 37°C before use to create an instant and steady release of hormone upon implantation. The tubing in all of the other rats was empty. This resulted in five experimental groups: CD placebo, CD testosterone, control placebo, castrate placebo and castrate testosterone. Eight days after the first surgery, the CD rats were subjected to a second surgery to produce a complete sectioning of the neuraxis at the mesodiencephalic juncture (20) . A total of 24 of the 30 CD rats survived both surgeries (80%: 13 placebo, 11 testosterone).
Core temperature measures. Daily body weights of all rats were recorded each morning before the first tube-fed meal. Initially, rectal temperatures of the CD rats were measured using a thermistor probe (Temp 4, Thermistor Thermometer; Cole-Parmer Instrument , Vernon Hills, IL) before each tube-fed meal because of their tendency to have lower body temperatures (e.g., 19, 20) . On the day after complete decerebration, rats were warmed with a heating pad if rectal temperature fell below 34°C. By the next day, however, all of the CD rats were maintaining their temperatures above 34°C, and we stopped measuring rectal temperatures the third day after surgery. There was no effect of testosterone replacement on rectal temperature.
Calorimetry measures. Starting from 5 days after the second surgery, 48 of the rats were housed in an indirect calorimeter (46) for 3 days. Because the calorimeter only has 16 cages, the rats were placed in the calorimeter in three cohorts, with each treatment represented as equally as possible within each cohort. A total of 10 CD testosterone, 10 CD placebo, 10 control placebo, 9 castrate testosterone, and 9 castrate placebo were included in the calorimetry measurements. The rats were adapted to the calorimeter by housing them in the apparatus for ϳ20 h before any experimental data was collected, and they were maintained on their normal feeding schedule during this time. Heat production and RER, an indirect measure of whole animal substrate oxidation, was measured from each cage every 20 min for 48 h starting from 11.00 A.M. on the second day that the rats were in the calorimeter. The rats were then returned to their home cages.
Terminal blood collection and assays. Fifteen days after the second surgery, the rats were killed. The rats received a meal of 6 ml at 6.00 A.M. on that day. Starting at 9.00 A.M., rats were decapitated, blood was collected for measurements of serum corticosterone (Corticosterone DA kit, MP Biomedicals LLC, Solon, OH), testosterone (Total testosterone RIA, Diagnostic Systems Laboratories, TX), luteinizing hormone (LH; Rat LH RIA kit, MP Biomedicals), follicle-stimulating hormone (FSH; Rat FSH IRMA CT, MP Biomedicals), leptin (Rat leptin RIA kit; Linco Research , St. Charles, MO) and thyroidstimulating hormone (TSH: Active TSH IRMA kit; Diagnostic Systems Laboratory, Webster, TX) concentrations.
Terminal tissue collection and carcass composition measures. Inguinal, epididymal, retroperitoneal and mesenteric white fat depots, liver, testes and seminal vesicles were dissected and weighed. The seminal vesicles (full) were cleaned of seminal fluid and weighed again (empty). One lobe of liver was snap frozen for determination of liver lipid and glycogen, as described previously (18), and the rest of the tissues were returned to the carcass. Brains of CD rats were examined histologically to confirm the completeness of the transection (see Fig. 1 ). The carcass less the gastrointestinal tract was analyzed for composition, as described previously (17) .
Statistical analysis. Results were analyzed for statistically significant differences between groups in a stepwise process because of the unbalanced (nested) experimental design. Initially, a one-way analysis of variance was performed to compare CD, control, and castrate rats. Repeated ANOVA was used to compare measures of body weight and energy expenditure. Subsequently, a one-way ANOVA was used to test for differences between all five experimental groups. The unbalanced experimental design prohibited the use of a two-way ANOVA to account for testosterone replacement. Post hoc Duncan's multiple range tests were used to identify differences between specific groups. Differences between means were considered statistically significant if P Ͻ 0.05. Probabilities and test values are omitted for simplicity and clarity of the presentation of the results.
RESULTS
Serum testosterone. Serum testosterone concentrations of CD placebo rats were significantly decreased (by ϳ65%) compared with their intact controls, but they were significantly higher than those of control castrated placebo rats ( Table 1 ). The length of the testosterone Silastic capsule that we used was reported to yield physiological concentrations of the hormone (5); we found, however, that serum testosterone concentrations were 10-fold higher than those of gonad-intact control placebo rats ( Table 1 ). The bioactivity of the testosterone was confirmed by the striking significant increase in seminal vesicle weight in both castrated and CD rats bearing testosterone implants (ϳ550% and ϳ395%, respectively) and an ϳ54% increase in testes weight of CD rats (Table 2) .
Body weight. Neither castration nor testosterone replacement had any effect on the daily body weights of the neurally intact rats ( Fig. 2A) . The CD placebo rats stopped gaining weight after the first decerebration surgery. CD rats given testosterone gained weight following surgery (Fig. 2B ), but they gained only half as much as the control placebo rats gained during the same period (Table 2) .
Energy expenditure. The daily energy expenditure of CD rats was significantly lower than that of control or castrated rats (Fig. 3A) , but there was no effect of testosterone replacement on 25-h energy expenditure of either the castrated or CD rats. Neither castration nor testosterone replacement in neurally intact rats had any effect on energy expenditure across the last 25 h that the rats were in the calorimeter (Fig. 3B) . Energy expenditure declined significantly toward the end of the intermeal interval in the CD rats, and testosterone replacement ameliorated this decline (Fig. 3C) . Therefore, the only times at which there were significant differences in expenditure of CD placebo and testosterone-replaced rats were immediately before a tube-fed meal. Note that energy expenditure is represented on a per animal basis because of the differences in body composition of CD vs. neurally intact rats, although a similar pattern of response is found if the data are expressed per unit metabolic body size (data not shown). RER was significantly higher in CD than control or castrated rats (Fig. 4) . Neither castration nor testosterone replacement had any effect on RER of the neurally intact rats (Fig. 4A) . By contrast, testosterone significantly reduced the RER of CD rats, even though it remained above 1.0 at almost all times measured (Fig. 4B ), indicating energy deposition and/or carbohydrate oxidation.
Twenty-three days after castration or the first CD surgery, the CD rats were significantly fatter than either control placebo or castrated rats (Table 2 ) and testosterone had no effect on body fat content of either CD or castrate rats ( Table 2 ). The increase in body fat of CD rats was reflected as a substantial increase in size of all of the fat depots measured ( Table 2 ). The only significant effect of testosterone replacement on fat depot weight in control castrate rats was that epididymal depot weight was significantly increased (Table 2) , whereas in CD rats, retroperitoneal fat depot weight was significantly decreased (Table 2 ). Liver lipid content also was significantly increased in CD compared with control and castrated rats ( Table 2) . There was no effect of testosterone on liver composition of castrated rats, but it did cause significantly increased liver glycogen content in CD rats (Table 2 ). Lean body mass was not different between control and castrate placebo rats, but was significantly decreased in castrate testosterone rats (Table  2 ). This was due to both a significant reduction in carcass protein (Table 2 ) and a nonsignificant reduction in carcass water content (Table 2) . CD rats had significantly less lean tissue than either control or castrated rats (ϳ22% decrease; Table 2 ), and testosterone elevated lean body mass significantly to levels greater than CD placebo rats (Table 2) but not back to control levels; moreover, this increase was entirely due to a significant increase in carcass water content ( Table 2) .
As noted above, serum hormone measures indicated that the testosterone replacement caused a significant 10-fold elevation of circulating testosterone levels in both control castrate and CD rats compared with controls (Table 1) . Castration brought circulating concentrations down to undetectable levels in most castrate placebo rats (Table 1) , and decerebration significantly reduced serum testosterone concentrations to one-third of those found in neurally and gonadally intact controls ( Table 1 ). The absence of testosterone in castrate placebo rats was associated with significantly increased serum FSH and LH concentrations (Table 1) with FSH concentrations reversed to control values Data are expressed as means Ϯ SE for groups of 10 or 11 rats. All measurements were made on serum collected at the end of the experiment. CD, chronically decerebrate; LH, leuteinizing hormone; FSH, follicle stimulating hormone; TSH, thyroid stimulating hormone. Values for a specific parameter that does not share a common superscript letter are significantly different at P Ͻ 0.05.
by testosterone replacement, whereas LH concentrations were significantly below control values (Table 1) . By contrast to control castrates, in which T was low and FSH and LH were elevated (see directly above), the low serum testosterone of CD rats was associated with normal (control) FSH concentrations and undetectable serum LH concentrations (Table 1) . Testosterone replacement did not inhibit the already low and normal FSH concentrations and did nothing to restore LH concentrations. The inability to detect LH in CD rats does not appear to be due to insensitivity of the assay because low concentrations were measured in the Castrate Placebo animals, and the sensitivity of the assay is reported to be 0.14 ng/ml (Diagnostic Systems Laboratory ). There was no effect of any surgery or treatment on serum corticosterone or TSH concentrations.
Serum leptin was significantly increased in CD rats likely reflecting their increased adiposity (Table 1) .
DISCUSSION
The results of the present study show that the marked and rapid increases in adiposity and decreases in lean body mass of CD rats seen previously (19, 20) , and confirmed in this study, were not explained by a decerebration-induced decrease in serum testosterone because testosterone replacement therapy did not reverse either of these responses. This lack of normalization of adiposity and lean body mass by testosterone in CD rats was not due to insufficient androgen replacement because circulating testosterone concentrations were 10 times normal, even though the report upon which this testosterone dose was based claimed testosterone-filled capsules of this size result in physiological concentrations of the hormone (5). Moreover, this dose of testosterone was functional because it strikingly increased testes and seminal vesicle weights as well as epididymal white adipose tissue (WAT) weight in neurally intact controls and CDs, in addition to triggering the classic negative feedback effect on the elevated circulating LH and FSH in neurally intact castrate placebo rats. Therefore, although we hypothesized that the severely reduced serum testosterone triggered the impressive loss of lean body mass and increased adiposity of the CD rats, the failure of the testosterone therapy to reverse these responses makes this explanation highly unlikely.
Two effects of testosterone that are often considered typical of the hormone are increased lean mass and decreased adiposity (26) . The exact mechanism(s) by which testosterone increases muscle mass are dependent on several factors that include the duration of treatment and the current level of testosterone (4) . In the present experiment, testosterone was given for only 23 days and given to animals with low (CD) or no (castrates) testosterone. The myotrophic effect of exogenous testosterone administration in animals with low circulating testosterone concentrations (10, 40) is not universally found (e.g., 9), however. In eugonadal men, testosterone in- Fig. 2 . Daily body weights of neurally intact control and castrated rats (A) and of CD rats (B). Data are expressed as means Ϯ SE for groups of 10 or 11 rats, and asterisks indicate significant differences between placebo and testosteronetreated CD rats. Castration was performed on the same day of the experiment, as the first CD surgery and testosterone replacement also was started at this time for both groups of rats. creases muscle mass by muscle cell hypertrophy (41), but its ability to do so may be dependent on an intact sympathetic nervous system (SNS). An intact sympathetic drive to skeletal muscle normally inhibits protein degradation and stimulates protein synthesis (e.g., Refs. 3 and 36; for a review, see Ref. 35) , and decerebration could have disrupted critical forebrain origins for these anabolic effects on skeletal muscle. The exact location of the origins to the SNS outflow to skeletal muscle potentially necessary to maintain muscle mass is unknown, but several components of these circuits have been identified by transneuronal viral tract tracing methodology using pseudorabies virus (8, 48) . Whether these central sympathetic circuitry components are necessary for the anabolic effect of testosterone on muscle has not been tested, however. Testosterone also did not alter body fat in either CD or neurally intact castrated controls, which would have been expected based on in vivo studies showing testosterone-induced increases in lipolysis and WAT ␤-adrenoceptor number (49) . The lack of effect may have been due to the relatively short (3 wk) duration of the study because effects on total lipid content usually are seen after more prolonged treatment [e.g., 11 wks (9)].
Other, more moderate, brain lesions than complete decerebration, produce marked increases in body fat accompanied by decreases in lean body mass. Although we are unaware of a study measuring carcass composition within 3 wk of making such a lesion, body fat is markedly increased, and lean body mass is decreased in rats 8 wk after lesions of the ventromedial hypothalamus (VMH) (45) , which likely are the result of disruption of descending brainstem projections from the hypothalamic paraventricular nucleus (PVH) to the brainstem (14) . We are unable to find serum testosterone concentrations in rats with VMH or PVH lesions to determine whether this also is common between VMH/PVH lesions and chronic decerebration. Obviously, there are many differences between VMH/ PVH lesions and a complete severing of the brain at the mesodiencephalic junction, but these results suggest that, at the very least, another more limited brain lesion produces marked decreases in lean body mass concomitant with marked increases in body fat.
The energy expenditure of the CD rats was significantly lower than that of the neurally intact controls and, given that their food intake was clamped by the tube feeding, this undoubtedly was a major contributor to their markedly increased adiposity during the 2-wk study. These data confirm our previous observations of decreased energy expenditure in CD rats (19, 20) , but here, we also found that neither castration nor testosterone affected daily energy expenditure in the neurally intact or CD rats. These results are consistent with the observation that BAT thermogenesis, a significant fraction of total energy expenditure in rodents, is not affected by testosterone supplementation in gonadally intact rats (1) . In the present study, testosterone did, however, lower the RER in CD rats, although it remained above or close to 1.0, indicating a high rate of carbohydrate oxidation and/or energy deposition. Testosterone replacement also partially prevented a decline in energy expenditure at the end of the intermeal tube-feeding Fig. 3 . Energy expenditure, expressed per rat, for the last 25 h that rats were in the calorimeter cages. A: total expenditure during the last 25 h that rats were in the calorimeter cages. A and B show expenditure of control and castrated rats or of CD rats plotted at 25-min intervals during the 25 h. The rats adapted to the cages for 24 h before measurements were initiated. Because there are only 61 cages in the calorimeter, the measurements were made on three different cohorts during the study with different treatment groups balanced as evenly as possible within each cohort. Data are expressed as means Ϯ SE for groups of 8 to 10 rats per group. Capital letters that differ from each other indicate significant differences in total energy expenditure of the groups, and asterisks indicate times at which there was a significant difference in expenditure of CD placebo ad CD testosterone rats. Arrows mark the times at which rats were tube fed.
interval in CD rats. These observations, together with the increase in liver glycogen content, suggest that testosterone may modify nutrient partitioning in CD rats.
Finally, CD rats present an unusual combination of reproductive hormones-low circulating testosterone from ϳ90% (20) to ϳ65% (in the present study) coupled with undetectable circulating LH concentrations. This is unusual in that the CD procedure not only decreased basal serum testosterone concentrations, but also disrupted the normal negative feedback effect of testosterone on LHRH release and on LH secretion from the anterior pituitary (7) . The decreased serum testosterone concentrations of male CD rats does not appear to be due to 1) decreases in the availability of the steroid precursor cholesterol because serum corticosterone concentrations (that also are cholesterol based) are normal (19, 20 ; present study), or 2) complete disruption of pituitary function, as CD rats have normal circulating serum TSH, corticosterone, and FSH concentrations (present study). With the undetectable serum LH in CD rats in the present study, it is not surprising that serum testosterone is low, given the stimulatory effects of LH on testosterone synthesis/secretion by the testes (for a review, see Ref. 11) . Because LH is released in a pulsatile fashion (for a review, see Ref. 33 ), we may have missed significant LH pulses with a single-point determination, although given our ability to detect LH in the other groups of rats in this study, this seems unlikely, but potentially possible. If we assume that we did miss significant LH pulses, then the marked decrease in circulating testosterone concentrations remains unexplained.
The second anomaly is the lack of hypersecretion of LH after the CD procedure. Castration of neurally intact male rats causes a marked increase in serum LH concentrations (for a review, see Ref. 25) . The CD procedure results in a nearly functional castration of male rats in terms of testosterone production (20; present study), yet the normal negative feedback inhibitory effect of testosterone on LH secretion is absent. One possible mechanism underlying the absence of this effect in CD rats is the likely severing of the ascending noradrenergic brainstem inputs projecting to LHRH neurons in the forebrain that have been implicated in the normal castration-induced increases in LH release (37) . More specifically, the release of LHRH appears to be modulated by ascending noradrenergic projections from the locus coeruleus to the medial preoptic area and median eminence (30, 37, 43) , although contradictory evidence suggests that castration does not increase the noradrenergic tone to the LHRH system (e.g., 28, 29) questioning this as the possible mechanism underlying the lack of increased LH in CD rats with low serum testosterone concentrations. Alternatively, there is accumulating evidence that testicular function can be modulated independently of the traditional hypothalamo-pituitary-gonadal axis, especially under stressful conditions (22, 24, 27, 38, 39) . The neuroanatomical basis for the neural control of the testes has been illustrated using the pseudorabies virus multisynaptic tract tracing method. Specifically, with this method, brain sites across the neural axis serving as components of the autonomic outflow circuit from brain to the testes have been revealed, including forebrain areas that would be disconnected by decerebration (13, 24, 27, 39) . Thus, the decreased serum testosterone concentrations could involve decerebration-induced distal sympathetic denervation of the testes, because proximal denervation of the testes severely impairs testosterone synthesis/release (6, 31) . Whether this alone could account for the decreased serum testosterone of male CD rats remains to be explored. The current conceptualization of the control of testosterone secretion and of testosterone negative feedback is one focussing on the medial basal hypothalamus and anterior pituitary, which does not require ascending or descending projections between the forebrain and brainstem nor the descending sympathetic projection Fig. 4 . Respiratory equivalency ratio (RER) of control and castrated rats (A) or of CD rats (B) plotted for 25-min intervals during the last 25 h that the rats were in the calorimeter. Data are means Ϯ SE for groups of 8 to 10 rats. Asterisks indicate times at which RER was different between CD placebo and CD testosterone rats. Arrows mark the times at which rats were tube fed.
circuits to the testes (for a review, see Ref. 44) . Therefore, the underlying bases for these reproductive hormone anomalies of CD rats are unclear.
Collectively, the results of the present study do, however, clearly demonstrate that the chronic decerebration-induced inhibition of serum testosterone does not explain either the increase in adiposity or the decrease in lean body mass of male CD rats.
Perspectives and Significance
Our previous studies show that many aspects of energy balance regulation that often are attributed to forebrain/hypothalamic neural processing are apparent in animals with a severely truncated neural axis that spares some of the midbrain and all of the hindbrain and peripheral nervous system (19, 20, 34) . For example, of the suite of metabolic responses triggered by food deprivation (20) and cold exposure (34) , as well as some of the metabolic responses to exogenous leptin (19) , thermogenic responses to central melanocortin receptor agonism (47) , and responses to central and peripheral satiety factors (for a review, see Ref. 15) , all are relatively normal in CD rats vs. neurally intact controls. These responses to a variety of factors that affect physiology and behavior suggest that many of the current notions for the central control of physiology and behavior should be expanded to include significant contributions by the caudal aspects of the neural axis. This does not imply, of course, that forebrain sites are unimportant or less important than hindbrain sites, as the former undoubtedly, at the very least, promote fine-tuning of responses that are often sufficiently generated by the neurology contained within the caudal brainstem (e.g., 34). By contrast, the results of the present study highlight some differences between male CDs and neurally intact animals regarding their basal testosterone concentrations, regulation of reproductive hormones, and altered nutrient partitioning in muscle and adipose tissue.
